Introduction
RNA interference (RNAi) is a powerful approach for reducing expression of endogenously expressed proteins [1] . It is widely used in biological research as well as for therapeutic applications [2] . Various methods, including delivery of small interfering RNAs (siRNAs) and expression of small hairpin (shRNAs) RNAs from viral vectors, have been developed for RNAi in cell culture and in vivo. Nevertheless, various complex barriers for achieving efficient RNAi have become evident. These hurdles include: specificity for the target gene, delivery to the correct cell or tissues, the durability of RNAi activity, and considerations of the stability of the target mRNA and encoded protein. Particular challenges concern the application of RNAi in primary cells, where conventional transfection techniques by lipophilic agents result in low transfection efficiency.
Primary human hepatocytes (PHH) are the "gold standard" of hepatic cell culture models not only for evaluating biotransformation and toxicity of drugs and other xenobiotics in vitro, but also for studying the regulation of hepatic phenotypes by nuclear receptors (NR) and other transcription factors. However, application of RNAi in primary hepatocytes still remains challenging. Although different protocols are available, the efficiency of shRNA delivery is often not satisfactory [3] . Besides low efficiency, a further limitation is low reproducibility between different batches of PHH due to the high variability of the individual donor cells.
One preferred method that allows achieving higher transfection rates is the use of recombinant viruses, in particular adenoviral and lentiviral derivatives. While transductions of PHH with adenoviral vectors are well established, these vectors are non-replicating and remain episomal. [4] [5] [6] . Besides that, adenoviral vectors have further limitations which might preclude them from many applications in basic research, including strong immunogenicity and typically short duration of shRNA expression. Additionally, there is evidence that adenoviral vectors may contain properties and/or stimulate cellular processes that block or counteract RNAi-mediated gene silencing [7, 8] . Moreover, since humans commonly come in contact with adenoviruses, which cause respiratory, gastrointestinal and eye infections thereby triggering a rapid immune response, this can in turn cause potential unspecific results in the study of PHH [9] .
By contrast, retroviral vectors integrate into the host genome, but most of them require cell division for integration event to occur [10] .HIV-(human immunodeficiency virus) based vectors are currently the most popular lentiviral-based expression systems [11] . They effectively transduce both dividing and non-dividing cells and stably integrate into the genome of the host cell, thereby facilitating long-term transgene expression. Furthermore, in contrast to adenovirus, lentiviral particles elicit less unspecific effects because they do not lead to an inflammatory response in the cell culture [12] .To our surprise, very few publications describe applications using lentivirus for delivery of small RNAs into PHH, presumably because methodologically sound protocols have not been available [13, 14] . Thus, there is a general lack of validated protocols for the production of lentiviral particles as well as experimental details for the reproducible infection of PHH with lentiviral vectors. The primary aim of this study was therefore to develop robust, comprehensive and reliable protocol for the design, generation and purification of lentiviral particles and their use for transduction of PHH. For protocol validation, we generated a panel of vectors coding for active shRNAs targeting major nuclear receptors as well as known liver-specific microRNAs and anti-microRNAs. We show that lentivirus-delivered shRNA successfully inhibits expression of CAR in PHH, which furthermore resulted in the downregulation of its target genes, CYP2B6 and CYP2C8. Additionally, we demonstrate for the first time that shRNA-mediated knockdown as well as overexpression of miR-143 in PHH influences expression of CAR, CY2B6 and CYP2C8. We have previously used these tools and protocols to demonstrate the significant role of PPARα in the regulation of several DMEs in the liver [15, 16] . 
Materials and Methods
Detailed description of all used reagents is freely available and can be found here: http://seek. virtuelle-leber.de/sops/13. Chemicals G418 (Calbiochem #345812), TurboFect (Fermentas, #R0531), Trypsin (0.05%) with EDTA (Gibco Life Technologies #25300-054), PEG-it™ Virus Concentration Solution (System Biosciences#LV810A) were used for the generation of viral particles. For the efficient infection polybrene (Sigma#H9268) was applied together with lentivirus to PHH.
Culturing media
Medium for culturing HEK293FT and HT1080 cells: D-MEM (high glucose) (Gibco#41965-039) with 10% FCS (Gold PAA #A15-151), 1% Penicillin/Streptomycin (10.000U/10.000µg ; Gibco#15140-122), 1% sodium pyruvate (100mM, Gibco#11360-039), 1% glutamine (200 mM-100X, Gibco#25030-024), 1% MEM NEAA (non essential amino acids, 100X, without L-glutamine; Gibco#11140-035). 1% BSA/PBS: 1% solution of BSA (Sigma# A4503-50G) in PBS, sterile filtered, aliquoted and stored at -20°C.
Culturing of primary human hepatocytes
The detailed procedure of hepatocytes isolation and cultivation can be found also elsewhere [17] . Cells were seeded on collagen type I-coated culture dishes at a density of 1x10 5 cells/cm 2 and cultivated in Williams medium E (Life Technologies, Darmstadt, Germany), supplemented with 10% fetal calf serum (GIBCO, Karlsbad, USA), 2m m l -glutamine (Life Technologies, Darmstadt, Germany), 100 U/ml penicillin/100 mg/ml streptomycin (GIBCO, Karlsbad, USA), 0.032 I.E./ml insulin (Aventis-Sanofi, Frankfurt, Germany), 0.1% DMSO, and 0.1 mM dexamethason (Sigma Aldrich, Darmstadt, Germany).
Plasmid constructs
We have used BLOCK-iT U6 RNAi Entry Vector Kit (Invitrogen # 49-4400) for cloning shRNAs targeting CAR and PPARα into pENTR vector. Using Gateway™ technology of Invitrogen (ViraPower™ Lentiviral Gateway Expression Kit (Invitrogen#K49-6000)), the shRNA sequence can be easily shuttled into lentiviral expression vector pLenti6. This vector encompasses also a blasticidin expression cassette for generating stable clones under selection and can be purchased as a component of ViraPower Lentiviral Expression System. For the visual control of infection efficiency a modified vector containing a substitution of blasticidine gene with EGFP expressing cassette was used (kindly provided by M.Kriebel, NMI Reutlingen, Germany). For microRNAs experiments, we have used vectors provided by System Biosciences™ -pMIRNA1 and pmiRZip -which are also compatible with ViraPower™ lentiviral packaging mix (miRZip™ Lentivector-based AntiMicroRNAs (System Biosciences # MZIPxxxPA/AA-1) and pMIRNA1 Lentivector-based microRNAs (System Biosciences # PMIRHxxxPA/AA-1)).
LDH release measurements
For the measurement of LDH release, a CytoTox 96® Non-Radioactive Cytotoxicity Assay (G1780) from Promega was used according to the manufacturer's instructions. The percentage of LDH released from hepatocytes was calculated as LDH present in culture medium in relation to total LDH obtained in culture medium and hepatocytes.
Real-time reverse transcription-polymerase chain reaction (RT-PCR)
The procedure has been described previously [16] . For the assessment of transcripts following Taqman Gene Expression Assays from Life Technologies were used -Hs00947536_m1 for PPARα; Hs00901571_m1 for CAR; Hs04183483_g1 for CYP2B6; Hs02383390_s1 for CYP2C8; Hs00604506_m1 for CYP3A4; Mm01264680_ m1 for miR-143. For the detection of EGFP: forward primer: 5'-AAGCAGCACGACTTCTTCAAGTC-3', reverse Western Blot For the detection of CYP2B6, the antibody from BDGentest (# 458326) was used in the protocol as described earlier [18] .
Flow cytometry FACS analysis
On day three after lentivirus infection, the cells were trypsinized by adding 150 µl of trypsin solution per well, let stand for 5-10 minutes and diluted with 850 µl of medium. FACS measurement were performed using Becton Dickinson FACS Calibur device counting 10.000 events per probe and evaluated using CELLQuest software.
Sequences shRNA sequences CAR: CACCGCAGAAGTGCTTAGATGCTGGCGAACCAGCATCTAAGCACTTCTGC (top); AAAAGCAGAAGTGCTTAGATGCTGGTTCGCCAGCATCTAAGCACTTCTGC (bottom). PPARα shRNA sequences and non-coding shCTR sequences can be found elsewhere [16] .
Results and Discussion

Generation of silencing constructs and applications of the method
Each experiment requires the design and generation of appropriate gene-specific expression constructs. For instance, BLOCK-iT™ RNAi Designer tool from Invitrogen (Life Technologies, Darmstadt, Germany) can be used for design of specific and effective shRNA sequences. At least two independent silencing sequences targeting different sites should be used within one mRNA to demonstrate specific knock-down. The designed template sequences encoding short hairpin RNAs, microRNAs or anti-microRNAs are then cloned into the appropriate lentiviral shRNA/microRNA/anti-microRNA expression vector. Alternatively they may be purchased as ready-to use reagents from a variety of vendors.
The described method for viral production and titer determination can be applied to all expression vectors compatible with packaging systems of the second and third generation, i.e. a lentiviral vector with a chimeric 5' LTR in which the HIV promoter is replaced with CMV or RSV, thus making it TAT-independent. A short summary of the protocol is provided in Table  1 and a detailed description can be found at the Virtual Liver Network server (http://seek. virtuelle-leber.de/sops/13.). Examples of these vectors include pLKO.1 (Sigma-Aldrich), pLentiLox3.7 and its modification, pLB, with an added genetic element for the prevention of epigenetic silencing;pSico/pSicoR vectors, which can be used for conditional (Cre-Lox), stable expression of shRNAs for RNA interference in cells and transgenic mice (ATCC); pLenti6 (Invitrogen) and pLove (for Lentiviral Over-Expression) (Addgene).
The protocol for infection was specifically optimised for PHH in monolayer culture. Magnetofection resulted in approx. 20-30% of positively-transfected cells and was highly dependent on donor [19] . In contrast, lentivirus infected consistently 90-95% of PHH using a MOI of 3, based on our experience with PHH from more than ten donors (Fig 1A) . It is noteworthy to mention that application of MOI higher than 3 did not lead to higher expression of GFP, as observed using qRT-PCR analysis of GFP mRNA expression in PHH ( Fig  1B) . Accordingly, the infection efficiency as determined using flow cytometry reached ≥ 95% cells at MOI 3 (Fig. 1C) . Two cell lines of hepatic origin, HepG2 and HuH7 and the human epithelial colon cell line LS-174T, could be efficiently infected using the same conditions with an even lower MOI of 2 (data not shown).
Lentiviral infection does not influence viability and functional characteristics of PHH
Our results demonstrated that lentiviral vector transduction itself did not impair primary hepatocytes cellular viability, as measured by cellular release of lactate dehydrogenase (LDH) (Fig. 2) . Furthermore, drug oxidation capacity of PHH, as tested by measurement of seven cytochrome P450 enzyme activities by LC-MS/MS [20] remained also unaffected [16] . Thomas 
Lentivirus-mediated knock-down of nuclear receptors CAR and PPARα using shRNAs leads to the downregulation of their target genes
We constructed specific lentiviral shRNA-vectors to silence the expression of CAR and PPARα in PHH. As shown in Figure 3A , infection with shRNA-viruses targeting the 5′-(shRNA1) and 3′-(shRNA2) regions in PPARα led to >50% reduction in the expression of PPARα starting at day four, as compared with cells treated with non-targeting shRNA (shCTR). Similarly, knock-down of CAR consistently resulted in up to ~50 % reduction in mRNA levels of CAR, based on experiments from three independent donors. Furthermore, expression of the CAR downstream target genes, CYP2B6, CYP2C8, CYP3A4, assessed five days following infection, was accordingly suppressed (Fig 3B, light grey bars) . In contrast, the activation of CAR using its chemical agonist, CITCO, led to the concomitant upregulation of these genes (Fig. 3B, dark grey bars) . The lentivirus-mediated CAR gene silencing, as well as treatment with CITCO, led to the corresponding down -or up-regulation of CYP2B6 on the protein level as compared with shCTR and shown using Western Blot analysis (Fig 3C) .
Impact of lentivirus-mediated overexpression and knockdown of miR-143 in PHH
To elaborate potential effects of miRNAs overexpression and knock-down on NRs, we first performed in silico target prediction analysis using our MIRNA-DISTILLER tool [21, . The search for the microRNAs targeting a variety of genes involved in drug metabolism revealed a high score for miR-143, which was therefore chosen for the lentivirus-mediated overexpression and knock-down experiments in PHH. This microRNA was so far discussed in the context of hepatocellular carcinoma (HCC) progression and was found to be fourto eight-fold upregulated in the liver tissues of HCC patients [23] . As shown in Figure 3 , overexpression of miR-143 five days after infection resulted in more than 3000-fold (Fig. 4, upper panel) . In contrast, lentivirus-mediated downregulation of miR-143 led to 50% decreased mRNA compared to the non-targeting control (bottom panel). An infection efficiency of over 90% was determined using flow cytometry I as shown on the representative microscopic images with lentivirus-mediated infections at MOI=3 (Fig. 4) . The lentivirus-mediated overexpression of miR-143 in PHH resulted in the downregulation of CAR mRNA with paralleled inhibition of the expression of its target genes, CYP2B6 and CYP2C8, and slight, but consistent, reduction of HNF4a mRNA. Corresponding opposite effects were achieved by the lentivirus-mediated knock-down of miR-143, such as upregulation of CAR, CYP2B6 and CYP2C8 mRNAs as measured after five days of infection (Fig. 5) . 
Detailed protocol
The short protocol for the generation and concentration of lentiviral particles is summarized in Table 1 . A common challenge of the virus production part concerns the concentration of viral particles which is critical for high infection rates. Because some labs may not have the opportunity to install an ultracentrifuge under "safety standard level" conditions, an alternative protocol is provided for virus precipitation using polyethylene glycol. Whereas the final outcome does not influence the quality of viral particles, the ultracentrifuge protocol is certainly less time-and cost-consuming. Both workflows were successfully applied and validated in our lab and a comparison of the two protocols is presented in Table 2 .
The whole procedure of virus production with subsequent titer determination takes approximately six to ten working days. The measureable effects of gene targeting following viral infection of hepatocytes takes approximately three to five days. The properly frozen and aliquoted viral stocks have been tested and showed no decrease in titer and infection capacity over a long period of time. The detailed protocol with step-by-step description of the procedure can be found here: http://seek.virtuelle-leber.de/sops/13. 
Conclusions
In summary, we developed robust, comprehensive and reliable protocols for the design, generation and purification of lentiviral particles and their application for transduction of PHH. Alternative protocols for implementation depending on the available lab equipment are provided. This method has important advantages compared with alternative approaches. As lentiviral infection does not appear to affect cellular viability and hepatic phenotype, it is the method of choice to carry out prolonged or stable downregulation not only of nuclear receptors but also other target genes in PHH and can be easily adapted to other primary human cells and cell culture models.
For the protocol validation, we generated a panel of vectors coding for active shRNAs targeting major nuclear receptors as well as known liver-specific microRNAs and antimicroRNAs. We demonstrated that delivery of RNAi molecules via lentivirus represents an efficient and simple method for the transfection of PHH to study molecular mechanisms of NR functions. Furthermore, we could demonstrate that lentivirus-mediated overexpression of miR-143 as well as downregulation of miR-143 expression using anti-miR-143 affects expression of CAR as well as its target genes, CYP2B6 and CYP2C8. This interesting observation warrants further investigation of the molecular mechanisms underlying miR-143 mediated regulation of drug-metabolizing enzymes in PHH. 
Disclosure Statement
The authors declare that they have no competing financial interests. Thomas 
